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EquilibriuAbstract The developed bio-hydrogen fermented waste activated carbon (BHFW-AC) has proven to
be a cost effective, highly efﬁcient and eco-friendly adsorbent, an alternative (low cost) source of
AC for the removal of Direct Navy Blue-106 (DNB-106). This study investigated the feasibility
of BHFW at low temperature (100 C) using chemical carbonization treatment with H3PO4 for
24 h. The parameters pH, temperature, initial dye concentration and contact time have been opti-
mized by batch experiments to increase the adsorption efﬁciency of the BHFW-AC. Interestingly,
the batch adsorption equilibrium data followed the Langmuir, Freundlich, Temkin and Dubi-
nin–Radushkevich models with the Langmuir isotherm providing the best ﬁt to the equilibrium
data. On the other hand, the kinetic data followed closely the pseudo-second-order rate kinetic
model. Besides, the thermodynamic study showed that the adsorption was a spontaneous endother-
mic process.
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m and kinetic studies. Arabian Jour1. Introduction
Direct Navy Blue-106 with chemical name [6,13-dichloro-
3,10-bis (phenylamino)-disodium salt] is shown in Fig. A1.
Dye efﬂuent pollution is a main concern due to its toxicity
to many life forms. The discharge of these efﬂuents from
the textile, leather, paper and plastic industries into the envi-
ronment is of concern for both toxicological and esthetical
reasons (Metivier-Pignon et al., 2003; Ravikumar et al.,
2005). According to the statistical survey (Lee et al., 2006)ier B.V. All rights reserved.
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2 S. Kanchi et al.more than seven hundred thousand tones of dye related
toxic materials are produced from several varieties of com-
mercial dyes. Nowadays the greatest challenge facing the
environmental scientists in the world is the de-colorization
of dye waste water from the textile industries using various
treatment protocols such as adsorption, chemical coagula-
tion, disinfection, ﬁltration and oxidation (Chu and Ma,
2000; Peter and Freeman, 1996; Tunay et al., 1996). Among
these, adsorption has become a well-known separation tech-
nique for the removal of pollutants as well as having the po-
tential of regeneration, recovery and recycling of the
adsorbent materials.
Different treatment methodologies such as coagulation,
precipitation, sedimentation, ultra ﬁltration, ozonation, oxi-
dation and reverse osmosis have been applied in the removal
of dye molecules from wastewaters. However, adsorption is
considered as a superior technique comparatively with other
traditional treatment methods due to its availability, simplic-
ity of design, high efﬁciency, ease of operation and ability to
treat dyes in a more concentrated form (Bulut and Aydın,
2006). In recent years, this has prompted a growing research
interest in the production of AC from renewable and cheap-
er precursors which are mainly industrial and agricultural
by-products, for the application of wastewater treatment.
The removal of organic color by adsorption on to agricul-
tural residues has recently become a subject of considerable
interest. The reported studies include sawdust (Poots et al.,
1976), hardwood (Asfour et al., 1985), bagasse pith (McKay
et al., 1987a,b), rice husk and bark (McKay et al., 1987a,b;
Long Lin et al., 2013), maize cob (El-Geundi and Nassar,
1987), and banana pith (Namasivayan et al., 1993), date pits
(Girgis and El-Hendawy, 2002), ﬁre woods and pistachio
shells (Wu et al., 2005), cassava peel (Rajeshwarisivaraj
et al., 2001), groundnut shell (Kannan and Sundaram,
2001), oil palm ﬁber (Tan et al., 2007), bamboo (Hameed
et al., 2007), coconut husk (Tan et al., 2008), agricultural
by-products (Baccar et al., 2013), jatropha curcas pods
(Palanivel et al., 2012) and agricultural waste [coffee
grounds, melon seeds and orange peels] (Djilania et al.,
2012) for the removal of various dyes.
Though many cost effective adsorbents have been studied
for the decolorization process, studies on the BHFW as an
economical and eco-friendly adsorbent for dye removal have
not yet been fully explored. Utilization of this waste for the
treatment of wastewater is a win–win strategy because it not
only converts the waste into a useful material, but it also
prevents on-site burning of the waste and saves on disposal
costs.
Accordingly, the aim of this work was to evaluate the
potential of BHFW-AC as a low-cost adsorbent for the re-
moval of a DNB-106 from textile industrial efﬂuents.
DNB-106 was chosen as a target contaminant to character-
ize the adsorptive properties of BHFW-AC as it is a com-
mon dye used in textile industries. However, several
parameters that affect the adsorption include pH, tempera-
ture, initial concentration of dye and contact time has to
be optimized. Additionally, models to ﬁt the adsorption
equilibrium and kinetic data were also formulated in this
study. Moreover, the thermodynamic parameters obtained
for the present system were based on isotherm data.Please cite this article in press as: Kanchi, S. et al., Robust adsorption of Direc
waste derived activated carbon: Equilibrium and kinetic studies. Arabian Jour2. Experimental
2.1. Reagents
All chemicals were of analytical grade reagents and doubly dis-
tilled deionized water was used throughout the experiment. A
stock solution of 1000 mg L1 was prepared by dissolving the
appropriate amount of DNB-106 (Sun well Chemicals Co.,
LTD, China) in 500 mL and make up with 1000 mL distilled
water. The spiked wastewater of DNB-106 was prepared by
dissolving 40 mg of NaCl and 40 mg of Na2SO4 crystal in
1000 mL containing 150 mg L1 of DNB-106. The pH mea-
surements were made using a Metrohm pH meter and the test
solutions were adjusted using reagent grades of dilute HCl
(0.1 N) and NaOH (0.1 N). The concentration of DNB-106
in the samples was determined by UV–vis Spectrophotometer
(Unico, 2800). Agitation of adsorbent–adsorbate was carried
out in a thermostatic shaking assembly (Firstek, Taiwan).
2.2. Bio-hydrogen fermented biomass
Prof. Chiu-Yue Lin (Department of Environmental Science
and Engineering, Feng Chia University, Taichung, Taiwan)
and his team are working on production of bio-hydrogen from
water hyacinth, an aquatic weed commonly available on the
surface of ponds in Taiwan. After bio-hydrogen fermentation,
the solid material remained is known as bio-hydrogen fer-
mented waste (BHFW). The procurement and characteristics
of BHFW are shown in Fig. 1 and Table 1, respectively.
2.3. Preparation of BHFW-AC
BHFW was chosen as precursor for the production of acti-
vated carbon via a single step chemical carbonization using
H3PO4. In the present study, 90 g of crushed BHFW was
soaked completely in 120 mL of 70% H3PO4 solution and agi-
tated slightly for 2 h to ensure the penetration of H3PO4
throughout the material. Then, the mixture was heated at
80 C for 1 h and left overnight at room temperature for
appropriate wetting and impregnation of the precursor. The
impregnated mass was dried in an air oven at 80 C overnight,
then, admitted into the reactor (ignition tube), which was then
placed in a tubular electric furnace open from both ends. The
temperature was raised at the rate of 50 C per 10 min until the
desired temperature was reached. The carbonization process
was carried out at 500 C for 80 min in limited air. The prod-
uct was thoroughly washed with warm (70 C) distilled water
until pH of the solution become neutral. Finally, the BHFW-
AC was dried at 110 C for 24 h and sieved to different particle
sizes and kept for further use. The characteristics of BHFW-
AC are shown in Table 2.
2.4. Characterization of BHFW-AC
The elemental analysis of BHFW-AC was performed using
EA1108 (Carlo-Erba). The surface morphology of BHFW-
AC was studied by scanning electron microscopy using Hitachi
S3000H model. FTIR analysis of BHFW-AC was carried outt Navy Blue-106 from textile industrial eﬄuents by bio-hydrogen fermented
nal of Chemistry (2013), http://dx.doi.org/10.1016/j.arabjc.2013.11.050
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Figure 1 Procurement scheme for BHFW and its derived AC (BHFW-AC).
Robust adsorption of Direct Navy Blue-106 from textile industrial efﬂuents by bio-hydrogen fermented 3in the range of 500–4500 cm1 by Digilab FTS3500, Japan,
with KBr pellets. The resulting AC was then characterized with
respect to its pore structure and surface area using nitrogen
adsorption/desorption at 196 C using a gas sorption ana-
lyzer (Quantachrome, NOVA 1000e series, USA).
2.5. Adsorption capacity studies
Batch experiments were carried out to test the adsorption
capacity of DNB-106 on the BHFW-AC. The experiments
were carried out in a 250 mL Erlenmeyer ﬂask by mixing
100 mL of dye solution in a range of 50–550 mg L1 initial
concentrations. Approximately, 0.1 g of AC with size of
200 lm was added into the ﬂask and the pH was carefully ad-
justed between 2.0 and 10.0 by adding a small amount of either
0.1 N HCl or 0.1 N NaOH solutions. The dye solutions were
stirred using a mechanical magnetic stirrer at 313 K. The opti-
mum pH was determined to be 6.0 and used throughout the
experiments. The temperatures were also varied (313, 323
and 333 K), to determine the adsorption equilibrium time
and the maximum removal of DNB-106 from aqueous solu-
tions. All samples were ﬁltered prior to triplicate analysis in or-
der to minimize interference of the carbon ﬁnes with the
analysis. The concentrations of DNB-106 in the supernatant
solutions before and after adsorption were determined using
a double beam UV–vis Spectrophotometer and the amount
of adsorption at equilibrium, qe (mg g
1), was calculated by
the following equations:
qe ¼
ðC0  CeÞV
W
ð1Þ
ð%Þ Removal ¼ ðC0  CeÞ
Ce
 100 ð2Þ
where C0 and Ce (mg L
1) are the liquid-phase concentrations
of DNB-106 at initial and equilibrium, respectively. V (L) is
the volume of the solution andW (g) is the mass of dry adsor-
bent used.
2.6. Desorption studies
The DNB-106 loaded AC was separated by ﬁltration, using
Whattman ﬁlter paper No. 42 and the ﬁltrate was used for
the investigation of the desorption capacity of BHFW-AC.Please cite this article in press as: Kanchi, S. et al., Robust adsorption of Direc
waste derived activated carbon: Equilibrium and kinetic studies. Arabian JourThen, BHFW-AC was washed with doubly distilled deionized
water to remove the un-adsorbed DNB-106. Desorption stud-
ies were carried out using several such AC samples and were
agitated in doubly distilled deionized water followed by
0.1 N NaOH/HCl. The desorbed DNB-106 in the colloidal
solution was separated by centrifugation and analyzed as de-
scribed above.3. Result and discussion
3.1. Characterization of BHFW-AC
3.1.1. Porosity of BHFW-AC
Porosity of the AC was identiﬁed using the standard nitrogen
adsorption procedure (Wang et al., 2005). In Fig. 2, the nitro-
gen adsorption isotherm analysis of BHFW-AC revealed the
presence of microporosity which was considerably developed
to mesoporosity as the carbon activation on BHFW
progressed.
According to the Horvath-Kawazoe method, the pore size
distribution for the BHFW-AC substantiates the amount of
pores in the microporous range, with the average pore diame-
ter of approximately 3.4 nm as illustrated in Fig. 3. The max-
imum differential volume was obtained at 0.19 nm of the pore
width.
3.1.2. SEM and FTIR of BHFW-AC
Fig. 4a–c shows the SEM images of the BHFW-AC and
adsorption of DBN-106 on the BHFW-AC. Many large pores
like snake holes were observed clearly on the surface of the AC
(see Fig. 4b). The well-developed pores had led to the large sur-
face area and porous structure of the activated carbon. Fig. 5
displays the FTIR spectra obtained for the prepared AC. A
sharp pointed absorption band at 3400 cm1 was observed
due to –OH groups (Puziy et al., 2002) present in BHFW-
AC. The peak at 2355 cm1 corresponds to the CBO stretch-
ing vibration probably due to the incorporation of the hetero-
atoms (in this case, oxygen atom from enriched carbon dioxide
atmosphere during the activation process) at the edge of the
aromatic sheet or within the carbon matrix (Tan et al.,
2007). The broader peak observed at 1616 cm1 corresponds
to the C@C stretching vibrations in aromatic rings. The broad-
er band at 1085 cm1 has been assigned to the C–OH stretch-t Navy Blue-106 from textile industrial eﬄuents by bio-hydrogen fermented
nal of Chemistry (2013), http://dx.doi.org/10.1016/j.arabjc.2013.11.050
Table 1 Characteristics of BHFW.
TS*
(% w/w)
VS*
(% w/w)
TCOD*
(g g1 TS)
Total
carbohydrate*
(mg hexose equivalent g1 TS)
Cellulose*
(%)
Hemi
cellulose* (%)
Lignin*
(%)
Elementary analysis wt% (dry-basis)* C/N
ratio*
C H N S
78.6 65.4 14.2 522.2 23.1 24.2 18.4 36.8 9.7 3.1 4.3 11.9
* Tested by dried biomass, TS = total solids; VS = volatile solids; TCOD= total chemical oxygen demand.
Table 2 Characteristics of BHFW-
AC.
Parameter Value
Ash (%) 6.32
Density (g mL1) 1.75
Percentage of moisture 2.41
CEC (m mol g1) 2.70
pHpzc 3.42
Yield (%) 96.0
Textural properties
SBET (m
2 g1) 1242.00
Mesopore volume (mL g1) 0.620
Mesopore area (m2 g1) 450.32
Micropore volume (mL g1) 0.324
4 S. Kanchi et al.ing vibrations of alcohols and phenols, thus conﬁrming the
presence of the OH groups in the BHFW-AC. The peak at
789 cm1 corresponds to C–H out of plane bending toward
the region of benzene derivatives.
3.2. Optimization of adsorption parameters
3.2.1. Effect of pH
pH plays a vital role in the removal of DNB-106 onto the AC
from textile waste efﬂuents. It was observed that the adsorp-
tion was highly dependent on the pH of the solution which af-
fects the surface charge of the adsorbent and the degree of
ionization of the adsorbate. At lower pH more protons are
available; thereby decreasing the electrostatic attractions be-
tween the positively charged dye anions and the positively
charged adsorption sites consequently, leading to an ionic
repulsion between the positively charged surface and the0 
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Figure 2 N2 adsorption–desorption isotherms at 196 C of
BHFW-AC.
Please cite this article in press as: Kanchi, S. et al., Robust adsorption of Direc
waste derived activated carbon: Equilibrium and kinetic studies. Arabian Jourcationic dye molecules thereby reducing the adsorption of
dye. When the pH of the solution was increased, the positive
charges on the solution interface decreased and the adsorbent
surface appeared negatively charged. This is justiﬁed by the
linear relationship between pH 2.0–6.0 and the % removal of
DNB-106 removal (Fig. 6). The higher adsorption capacity ob-
tained at higher pH values was due to the abundance of OH-
ions, therefore increasing the electrostatic attractions between
the positively charged dye anions and the negatively charged
adsorption sites. At the pH >6.0, the % of DNB-106 removal
remained constant and consequently chosen as an optimum
value for this study.
3.2.2. Effect of contact time and initial dye concentration
Rapid adsorption was observed within 3 h, thereafter a steady
increase of DNB-106 was adsorbed for less than an hour to a
constant value of 245 mg g1. The total time was set to 4 h to
ensure adequate equilibration during adsorption and kinetic
studies. The amount of DNB-106 dye adsorbed per unit mass
of BHFW-AC carbon increased with increasing dye concentra-
tion ranging from 250 to 550 mg L1. Maximum dye was ob-
tained from the solution within 10 h after the start of every
experiment. Thereafter, the concentration of DNB-106 in the
liquid phase remained constant. In the process of the dye
adsorption, the dye molecules initially have to ﬁrst encounter
the boundary layer effect and then they have to diffuse from
the boundary layer ﬁlm onto the adsorbent surface and then
ﬁnally diffuse into the porous structure of the adsorbent. For
higher initial concentrations no signiﬁcant changes on the
equilibrium time were observed. The uptake of the dye re-
moval vs time curves shown in Fig. 7 is single, smooth and
continuous leading to saturation, suggesting the possibility of0 
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Figure 3 Horvath-Kawazoe pore size distributions of BHFW-
AC.
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Figure 4 SEM images of (a) BHFW (b) BHFW-AC before adsorption (c) BHFW-AC after adsorption.
Figure 5 FTIR spectrum for BHFW-AC.
Robust adsorption of Direct Navy Blue-106 from textile industrial efﬂuents by bio-hydrogen fermented 5monolayer coverage of DNB-106 on the outer surface of the
BHFW-AC (Low et al., 1993).
3.2.3. Effect of particle size
From the earlier reports (Preeti et al., 2007) it is obvious that a
decrease in particle size of BHFW-AC, results in an increase of
the adsorption capacity of DNB-106. This was due to the fact
that the smaller particles contain larger surface area and hence
more DBN-106 removed at equilibrium state is depicted in
Fig. 8. This was due to the low driving force per unit surface
for mass transfer in case of smaller particles when compared
to larger particles in the solution (Ozacar and Sengil, 2002).Please cite this article in press as: Kanchi, S. et al., Robust adsorption of Direc
waste derived activated carbon: Equilibrium and kinetic studies. Arabian Jour3.2.4. Effect of temperature
Fig. 9 shows that increasing the amount of adsorbed DNB-106
with temperature from 313 to 333 K, increases the adsorption
capacity of BHFW-AC, demonstrating the dependence of
adsorption capacity on temperature. Once the pores on the
surface of BHFW-AC have adsorbed the DNB-106 molecules,
it will hold back the successive entrance of DNB-106 molecules
at the opening of the pores (see the snake holes shelter pores in
Fig. 4b). The rate of intra-particle diffusion of adsorbate into
the pores will be intensiﬁed with an increase in temperature
due to the endothermic processes (Guo et al., 2003). Thus,
the adsorption increases with temperature.t Navy Blue-106 from textile industrial eﬄuents by bio-hydrogen fermented
nal of Chemistry (2013), http://dx.doi.org/10.1016/j.arabjc.2013.11.050
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6 S. Kanchi et al.3.3. Equilibrium modeling
The adsorption isotherm represents how the molecules are dis-
tributed between the liquid and solid phases when the adsorp-
tion process reaches an equilibrium state. The isotherm data
were analyzed by ﬁtting them to the different isotherm model
an important step, could be used for design adsorption behav-
ior of BHFW-AC (Garg et al., 2004). In the present study, the
obtained equilibrium data for the adsorption of DNB-106 on
to BHFW-AC were analyzed by considering Langmuir, Fre-
undlich, Temkin and Dubinin–Radushkevich isotherm mod-
els. These were calculated using the least-squares ﬁtting
method. Langmuir isotherm equation in a linear form (Namas-
ivayam and Arasi, 1997) represented as:
qe ¼
QmbCe
ð1þ bCeÞ ð3aÞ
on linearization :
Ce
qe
¼ Ce
Qm
þ 1
Qmb
ð3bÞ
where qe and Ce are the equilibrium concentrations of dye mol-
ecules in the adsorbed and liquid phases in mmol g1 and0 
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0 5 10 15 20 25 30
q t
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)
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Figure 7 Effect of initial concentration of DNB-106 sorption
onto BHFW-AC.
Please cite this article in press as: Kanchi, S. et al., Robust adsorption of Direc
waste derived activated carbon: Equilibrium and kinetic studies. Arabian Jourmmol L1, respectively. Qm and b are Langmuir constants
which are associated with adsorption capacity and adsorption
energy respectively calculated using equations 3a-b and data
are presented in Table 3. It was calculated by plotting slope
and intercepts linearly; Ce/qe vs Ce (see Fig. 10a). The R
2 value
of 0.999 indicated that the adsorption data of DNB-106 on to
the BHFW-AC at all three temperatures studied were best ﬁt-
ted to the Langmuir isotherm model. Langmuir isotherm can
also be expressed in terms of a dimensionless constant of the
separation factor or equilibrium parameter, RL, deﬁned as:
RL ¼ 1
1þ bC0 ð4Þ
where b and C0 are the Langmuir constant and initial concen-
tration of dye molecule respectively. The RL value indicates the
shape of isotherm (Namasivayam and Arasi, 1997). RL value
between 0 and 1 indicates favorable adsorption, while
RL > 1, RL = 1, and RL = 0 indicate unfavorable, linear,
and irreversible adsorption isotherms. The value of RL was
found to be 0.007 at 313 K, and this again conﬁrmed that
the Langmuir isotherm model ﬁts well for adsorption of0 
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Figure 9 Effect of temperature on the sorption of DNB-106
onto BHFW-AC.
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Figure 10 (a) Langmuir (b) Freundlich (c) Temkin (d) Dubinin–Radushkevich model curves for adsorption of DNB-106 onto BHPW-
AC at various temperatures.
Table 3 Langmuir, Freundlich, Temkin and Dubinin–Radushkevich isotherm model for adsorption of DNB-106 onto BHPW-AC.
Isotherms Parameters/values Temperature K
Q0 (mg g
1) b (L1 mg) R2
Langmuir 280.16 0.46 0.999 313
335.71 1.73 0.999 323
387.00 0.64 0.999 333
KF (mg g
1) (L mg1)1/n) 1/n R2
Freundlich 93.15 0.32 0.832 313
139.40 0.31 0.628 323
133.58 0.28 0.667 333
A (L/g) B R2
Temkin 26.75 35.69 0.897 313
91.24 41.29 0.740 323
38.16 50.38 0.819 333
qs (mg g
1) E R2
Dubinin–Radushkevich 277.42 1310.18 0.997 313
371.12 2255.26 0.835 323
297.75 2376.21 0.426 333
Robust adsorption of Direct Navy Blue-106 from textile industrial efﬂuents by bio-hydrogen fermented 7
Please cite this article in press as: Kanchi, S. et al., Robust adsorption of Direct Navy Blue-106 from textile industrial eﬄuents by bio-hydrogen fermented
waste derived activated carbon: Equilibrium and kinetic studies. Arabian Journal of Chemistry (2013), http://dx.doi.org/10.1016/j.arabjc.2013.11.050
8 S. Kanchi et al.DNB-106 onto the BHFW-AC under the conditions used in
this study.
Pure empirical form of Freundlich isotherm equation is
qe ¼ kfC1=ne which explains the adsorption of dye molecule
onto heterogeneous system (Haghseresht and Lu, 1998). Lin-
ear form of Freundlich isotherm equation is:
log qe ¼ logKf þ
1
n
logCe ð5Þ
where qe and Ce are the equilibrium concentrations of dye mol-
ecules in the adsorbed and liquid phases which are expressed in
mmol g1 and mmol L1, respectively, whereas kf and n are the
Freundlich constants which are associated with the sorption
capacity and intensity, respectively. These two values are cal-
culated from the intercept and slope by plotting log qe vs log
Ce (Fytianos et al., 2000; Hosseini et al., 2003) as shown in
Fig. 10b and the data are summarized in Table 3.
The Temkin isotherm is expressed as
qe ¼
RT
b
lnðKTCeÞ ¼ B1 lnðKTCeÞ ð6Þ
where constant B1 = RT/b (heat of adsorption), R=Univer-
sal gas constant (J mol1 K1), T= Temperature (K),
b=Variation of adsorption energy (J mol1) and KT = Equi-
librium binding constant (L mg1). A plot of qe vs ln Ce is
shown in Fig. 10c and values obtained corresponding to the
constants KT and B together with the R
2 values are shown in
Table 3.
The Dubinin–Radushkevich (D–R) isotherm approach as-
sumes that there is a surface area where the adsorption energy
is homogeneous as shown in Fig. 10d. The D–R isotherm is ex-
pressed as:
qe ¼ Qm exp K RT ln 1þ
1
Ce
  2 !
¼ Qm expðKe2Þ ð7Þ
where e (Polanyi potential) = RT ln (1 + 1/Ce), Qm is the D–
R constant, K denotes the average mean free energy related to
sorption of dye per mole of the sorbate when it is transferred to
the surface of the solid from inﬁnity in the solution and this en-
ergy can be represented using the following relationship:
E ¼ 1ﬃﬃﬃﬃﬃﬃ
2K
p ð8Þ0 
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Figure 11 (a) Pseudo ﬁrst order (b) pseudo second order models
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four adsorption isotherm models, the Langmuir isotherm
model yielded the best ﬁt with the highest R2 value at all tem-
peratures compared to the other three models. Conﬁrmation of
the experimental data into Langmuir isotherm equation indi-
cated the homogeneous nature of BHFW-AC surface, i.e., each
DNB-106 molecule/BHFW-AC adsorption had equal adsorp-
tion activation energy. These results also demonstrated the for-
mation of monolayer coverage of dye molecule at the outer
surface of BHFW-AC.
3.4. Kinetic modeling
Adsorption kinetics of DNB-106 on the surface of BHFW-AC
was studied by employing pseudo-ﬁrst-order, pseudo-second-
order and Weber and Morris models. The pseudo-ﬁrst-order
equation (Langergren and Svenska, 1898) is expressed as:
lnðqe  qtÞ ¼ ln qe  k1t ð9Þ
where qe and qt are the amounts of DNB-106 adsorbed
(mg g1) at equilibrium and at time t (h), respectively, and k1
(h1) was the rate constant of adsorption. Values of k1 at
313 K were calculated from the plots of ln (qe  qt) vs t as
shown in Fig. 11a for various initial concentrations of DNB-
106. The R2 values obtained were relatively small and the
experimental qe values are not in agreement with the calculated
values obtained from the linear plots (see Table 4). The pseu-
do-second-order equation (McKay et al., 1987a,b) at equilib-
rium state of adsorption can be expressed as
t
qt
¼ 1
k2q2e
þ 1
qet
ð10Þ
where k2 (g mg
1 h) is the rate constant of second-order equa-
tion. The linear plot of t/qt vs t at 313 K yielded R
2 values
>0.999 for all DNB-106 concentrations as shown in
Fig. 11b. It also showed a good agreement between the exper-
imental and the calculated qe values (see Tables 4 and 5), indi-
cating the feasibility of this model to describe the adsorption
process of DNB-106 on to BHFW-AC.
To test the diffusion mechanism between dye molecule and
BHFW-AC, an intra-particle diffusion model proposed by We-
ber and Morris (Weber and Morris, 1962) has been used and
the amount adsorbed is given by0 
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for the sorption of DNB-106 on to the BHFW-AC at 313 K.
t Navy Blue-106 from textile industrial eﬄuents by bio-hydrogen fermented
nal of Chemistry (2013), http://dx.doi.org/10.1016/j.arabjc.2013.11.050
Table 4 Correlation of pseudo-ﬁrst-order and pseudo-second-order models for different initial DNB-106 concentrations at 313 K.
Initial concentration (mg L1) qe, exp (mg g
1) qe, cal(mg g
1) K1 (h
1) R2 SSE (%)
Pseudo-ﬁrst-order
50 51.05 11.46 0.820 0.630 40.14
150 89.01 17.06 0.930 0.680 72.50
250 192.51 98.26 0.770 0.950 94.81
350 258.24 160.94 0.410 0.840 97.86
450 271.83 165.34 0.420 0.850 107.05
550 277.72 153.32 0.380 0.750 124.96
Pseudo-second-order
50 51.05 51.25 0.660 0.9990 0.36
150 89.01 88.95 0.730 0.9980 0.21
250 192.51 198.07 0.090 0.9990 5.71
350 258.24 240.09 0.070 1.0000 18.30
450 271.83 251.99 0.060 0.9990 19.99
550 277.72 245.89 0.080 1.0000 31.98
Table 5 Correlation of intra-particle diffusion model for different initial DNB-106 concentrations at 313 K.
Initial concentration (mg L1) qe, exp (mg g
1) Intraparticle diﬀusion
qe cal (mg/80 g) Kp (mg g
1 h1/2) R2 SSE (%)
50 51.05 52.80 0.820 0.880 1.65
150 89.01 91.07 0.980 0.950 1.96
250 192.51 234.77 17.60 0.990 42.15
350 258.24 306.53 31.80 0.990 48.19
450 271.83 316.01 30.54 0.970 44.07
550 277.72 294.72 21.52 0.940 16.89
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where kp (mg g
1 h1/2), the intra-particle diffusion rate con-
stant, is obtained from the slope of the straight line of qt vs
t1/2 as shown in Fig. 12. In the ﬁrst stage, instantaneous
adsorption was seen which results in the sharper portion in
the graph (see Fig. 12). As intra-particle diffusion was the rate
limiting step, the second stage of adsorption was steady and
gradual. Finally, in the third stage adsorption reaches to equi-
librium state where intra-particle diffusion process becomes
slow due to the extremely low adsorbate concentrations left
in the solutions. In Fig. 12, it can be seen clearly that the line
did not pass through the origin due to the difference in the
mass transfer rate between initial and ﬁnal stages of adsorption
(Mohanty et al., 2005).
By using the sum of squared errors (SSE, %) model, the
validity of three kinetic models such as pseudo-ﬁrst-order,
pseudo-second-order and Weber and Morris intra-particle dif-
fusion models was veriﬁed based on the following equation:
SSE ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃP
qe; expqe; calð Þ2
q
N
ð12Þ
where N= number of data points.
The lower the values of the sum of squared errors, the bet-
ter is the ﬁtted model for the adsorption of dye molecule on the
surface of prepared activated carbon. The obtained analytical
data of SSE for three models tabulated in Tables 4 and 5 show
that the pseudo-second-order kinetic model yielded the lowest
SSE values which are agreeable with the R2 values obtained
earlier. This proves that the adsorption of DNB-106 on thePlease cite this article in press as: Kanchi, S. et al., Robust adsorption of Direc
waste derived activated carbon: Equilibrium and kinetic studies. Arabian JourBHFW-AC carbon can also be best described by the pseudo-
second-order kinetic model which was based on the chemi-
sorption equilibrium that predicted the performance through-
out the studies as being a rate controlled process (Tseng and
Tseng, 2005).
3.5. Adsorption thermodynamics
Energy cannot be lost or gained in an isolated environment
due to change in entropy as per thermodynamic laws (Kumar
and Kumaran, 2005). Thermodynamic studies reveal the
changes taking place in standard enthalpy (DH0), standard en-
tropy (DS0) and standard free energy (DG0) due to transmis-
sion of unit mole of solute from solution onto the solid–
liquid interface. The values of DH0 and DS0 were expressed
using the following equation:
lnKd ¼ DS
0
R
 DH
0
RT
ð13Þ
where R= universal gas constant (8.314 J/mol K), T= abso-
lute temperature (K) of the solution and Kd = distribution
coefﬁcient which can be calculated as:
Kd ¼ CAe
Ce
ð14Þ
where CAe (mg L
1) and Ce (mg L1) are the amount adsorbed
on solid at equilibrium and the equilibrium concentration
respectively. The values of DH0 and DS0 were calculated from
the slope and intercept of plot drawn between ln Kd and 1/T
(see Fig. 13). DG0 can be calculated using the below expression:t Navy Blue-106 from textile industrial eﬄuents by bio-hydrogen fermented
nal of Chemistry (2013), http://dx.doi.org/10.1016/j.arabjc.2013.11.050
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DBN-106 from the BHFW-AC.
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From Table 6 the positive value of DH0 indicated the endo-
thermic nature of the adsorption mechanism. The highest
monolayer sorption efﬁciency of DNB-106 on the BHFW-
AC increased from 152.17 to 443.10 mg g1 with an increase
in temperature of the solution from 313 to 333 K (see Table 3).
This noteworthy result could explain the endothermic nature
of the adsorption phenomenon. The positive value of DS0Table 6 Thermodynamic parameters for adsorption of DNB-106 o
Initial concentration (mg L1) DG0(J/mol)
DH0 (J/mol) DS0 (J/m
50 12914.65 82.59
150 32582.25 150.00
250 73840.47 287.32
350 115947.57 405.56
450 70055.11 250.64
550 46893.13 168.48
Please cite this article in press as: Kanchi, S. et al., Robust adsorption of Direc
waste derived activated carbon: Equilibrium and kinetic studies. Arabian Jourindicated the desirability of the BHFW-AC for DNB-106
and enhancing the randomness at the solid–solution interface
during the adsorption process. The negative value of DG0
revealed the possibility and spontaneous nature of the adsorp-
tion with a high preference of DNB-106 onto the surface of
BHFW-AC.
3.6. Desorption studies of DNB-106 from the surface of BHFW-
AC
Desorption studies were carried out with various concentra-
tions of HCl over the range of 0.05 to 0.2 M for 1 h to retain
the DNB-106 into the desorption medium from the surface of
BHFW-AC. The adsorbate concentration at the equilibrium
state Cad (mg L
1) was calculated by taking the difference be-
tween the initial and equilibrium concentration (C0  Ce) of
the analyte. The used up BHFW-AC was separated as per
aforesaid procedure in Section 2.6. The sample was dried in
a vacuum oven at 40 C for 1 h and was then agitated by add-
ing dilute HCl using mechanical shaker with 150 rpm. It indi-
cates that desorption efﬁciency increased up to 95% with a
gradual increase in the concentration of HCl up to 0.15 M. Be-
yond this concentration desorption remains constant as de-
picted in Fig. 14. The desorbed DNB-106 concentration was
measured using expression:
ð%Þ Desorption ¼ Cad
Cde
 100 ð16Þnto BHPW-AC.
ol) 313 K 323 K 333 K
11926.50 13021.60 12654.15
1262.15 14587.00 14688.85
1684.55 16158.50 17867.55
6214.68 14505.80 12112.65
3722.15 6364.14 6516.26
2618.06 2465.18 3854.79
t Navy Blue-106 from textile industrial eﬄuents by bio-hydrogen fermented
nal of Chemistry (2013), http://dx.doi.org/10.1016/j.arabjc.2013.11.050
NON
O
Cl
Cl
NH
S
S
HN
OH
O
O
OH
O
O
Figure A1 Structure of Direct Navy Blue-106 (DNB-106).
Table 7 Comparison of BHFW-AC with reported ACs in the literature.
ACs Analyte Adsorption isotherm
models
Kinetic models Surface area
(m2 g1)
References
Untreated clay Reactive Red-120 Langmuir, Freundlich Pseudo ﬁrst order,
pseudo second order,
Elovich equation and
Intraparticle diﬀusion
equation
– Emna et al. (2011)
Pea nut hull Reactive Black-5 ANOVA Quadratic
model
Pseudo ﬁrst and second
order
– Saban Tanyildizi (2011)
Paper mill sewage sludge Reactive Red-24 – – 280.01 Wenhong et al. (2011)
Polymer loaded bentonite Acid scarlet GR
and Acid Dark 2G
Langmuir, Freundlich – – Li et al. (2010)
Bagasee pith Rhodamine-B Langmuir, Freundlich,
Temkin, Harkins-Jura
and Halsey equations
Pseudo ﬁrst order,
pseudo second order,
Elovich equation and
Intraparticle diﬀusion
equation
522.70 Hamdi et al. (2009)
Orange peel Direct N Blue-106 Langmuir, Freundlich,
Koble-Corrigan,
Redlich-Peterson,
Temkin and Dubinin–
Radushkevich
Pseudo ﬁrst order,
pseudo second order,
Elovich, Intraparticle
diﬀusion equation
– Khaled et al. (2009)
BHFW-AC Direct N Blue-106 Langmuir, Freundlich,
Temkin and Dubinin–
Radushkevich
Pseudo ﬁrst order,
pseudo second order,
Intraparticle diﬀusion
equation
1242.00 This study
Robust adsorption of Direct Navy Blue-106 from textile industrial efﬂuents by bio-hydrogen fermented 113.7. Comparison study of BHFW-AC with previously reported
adsorbents
The sorption capacity of DNB-106 by BHFW-AC at 313 K
ranging from 50 to 550 mg g1 was comparable to AC avail-
able in the market and some other adsorbents prepared from
agricultural waste reported in earlier studies as shown in Ta-
ble 7. Due to its high surface area (1242 m2g1), adsorption
capacity, cost effectiveness of BHFW-AC it can be considered
as a reliable and alternative activated carbon for the removal
of DNB-106 from textile industrial efﬂuents. Preparation of
BHFW-AC was highly economical (estimated cost for the
preparation of AC for the present experiment including trans-
portation of raw material, electrical charges and chemicals
used was only NT$ 135 or US$ 4.56) which stands best among
the reported AC in the literature (Emna et al., 2011; SabanPlease cite this article in press as: Kanchi, S. et al., Robust adsorption of Direc
waste derived activated carbon: Equilibrium and kinetic studies. Arabian JourTanyildizi, 2011; Wenhong et al., 2011; Li et al., 2010; Hamdi
et al., 2009; Khaled et al., 2009).
4. Conclusion
The developed AC from BHFW is a unique adsorbent for the
removal of DNB-106 from industrial textile efﬂuents over a
wide range of concentrations. The surface area of the
BHFW-AC was porous with well developed snake hole like
pores as shown in the corresponding SEM images. Hence,
DNB-106 is found to adsorb robustly on the surface of the
BHFW-AC. Among all the adsorption isotherm models, the
equilibrium data, was best described by the Langmuir isotherm
showing a maximum monolayer adsorption surface area of
1242 mg g1 at 313 K. The kinetics of the adsorption followed
the pseudo-second-order kinetic model. Furthermore, the re-
sults of thermodynamic studies showed a positive DH0 value,
which indicated the endothermic nature of the adsorption pro-
cess. The positive DS0 value showed the enhanced randomness
at the solid–liquid interface during the adsorption mechanism.
Due to the spontaneous nature of adsorption of DNB-106
onto the surface of BHFW-AC, the DG0 values were negative.
Overall, this investigation showed that AC derived from
BHFW was efﬁcient, for the removal of DNB-106 from textile
waste efﬂuents, thus demonstrating a worthy alternative for
the commercially available activated carbon.Acknowledgments
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